Utah State University

DigitalCommons@USU
Techniques and Instruments

Crop Physiology Lab

2010

Mini-Lysimeters to Monitor Transpiration and Control Drought
Stress: System Design and Unique Applications
Julie Chard
Utah State University

Marc van Iersel
University of Georgia

Bruce Bugbee
Utah State University, bruce.bugbee@usu.edu

Follow this and additional works at: https://digitalcommons.usu.edu/cpl_techniquesinstruments
Part of the Life Sciences Commons

Recommended Citation
Chard, J., Van Iersel, M., & Bugbee, B. Mini-lysimeters to monitor transpiration and control drought stress:
system design and unique applications. https://digitalcommons.usu.edu/cpl_techniquesinstruments/18/.
(2010).

This Report is brought to you for free and open access by
the Crop Physiology Lab at DigitalCommons@USU. It has
been accepted for inclusion in Techniques and
Instruments by an authorized administrator of
DigitalCommons@USU. For more information, please
contact digitalcommons@usu.edu.

Mini-lysimeters to monitor transpiration
and control drought stress:
system design and unique applications
Julie Chard, Marc van Iersel, and Bruce Bugbee
Utah State University and the University of Georgia
ABSTRACT
Methods for the precise control of drought stress have been a holy grail of
plant biology research. Here we describe a five-container growth chamber
system and a 16-container greenhouse system, each of which uses load cells to
monitor and control the mass of a soil/plant system. The calibration and signal
conditioning necessary to quantify transpiration over 10 minute intervals is
described. Evaporation can be reduced to less than 1% of the transpiration rate
by covering the container surface. Procedures for quantifying and correcting the
effect of temperature on load cell output are described. Each system can be
programmed to maintain a steady-state reduction in transpiration compared to
well-watered control plants, and can continuously monitor whole-plant stomatal
conductance. Mini-lysimeters are also useful for quantifying physiological water
use efficiency, whole-plant stomatal oscillations, and plant-available water in the
root-zone. Example data for each of these parameters is provided.
INTRODUCTION
Lysimeters have a long and storied history of use for quantifying
evapotranspiration (ET) in the field. The first lysimeter to automatically record
mass data measured ET at intervals of one hour using paper tape (van Bavel
and Myers, 1962). Field lysimeters are most often installed for areas greater
than 2 m2 (Dugas and Bland, 1989), but mini-lysimeters have been shown to be
an accurate, portable and inexpensive approach to characterizing
evapotranspiration (Grimmond et al., 1992). Mini-lysimeters are advantageous
because they provide an affordable way to make replicate measurements in a
single environment, or to make multiple measurements that together are
representative of a heterogeneous environment. Mini-lysimeters have been used
to measure crop transpiration in greenhouses (Helmer et al., 2005), but users
have rarely taken advantage of the opportunity to control root-zone water status.
Plant responses to water deficits in the root zone are often studied in
greenhouses and growth chambers using containerized plants. Maintaining
steady-state drought stress in containers is extremely challenging because the
limited rooting volume results in rapid changes in root-zone water potential.
Electronically controlled, automated watering systems, based on the
measurement of either root-zone moisture or container mass, allow for a gradual,
programmed reduction in root-zone water content and the maintenance of
steady-state water potential or volumetric water content in containerized plants.

The value of this approach has been recognized since the early days of
low cost computers. Lieth and Burger (1989) appear to be the first to control
root-zone moisture in containers using a computer. They used electronic output
tensiometers interfaced with a data logger and computer to maintain four levels
of root-zone matric potential in potted chrysanthemums. Watering occurred
when soil matric tension became more negative than the setpoint. To account
for the lag in time between water application and sensor response, watering was
limited to 5 seconds in duration. Container volume was 1.8 L and each watering
event supplied up to 10 mL of water. The authors determined daily total
transpiration by summing the durations of the irrigation events and multiplying by
the water flow rate. The slow response of tensiometers resulted in soil moisture
tensions that fluctuated widely around the average, and an average soil moisture
tension that was lower than the setpoint, but the concept of substrate-based
irrigation control was demonstrated.
Seventeen years later, Nemali and van Iersel (2006) used a similar
system with dielectric soil moisture sensors, which measure volumetric water
content with an improved response time over tensiometers. Measurements were
made every 20 minutes and containers were watered for 1-minute if they were
below the set point. Each irrigation event supplied ~100 mL of water to each
17.5-L container. Average water content calculated at the end of the study was
0.011 to 0.018 m3/m3 above the setpoint, with standard deviations ranging from
0.03 to 0.06 m3/m3. van Iersel et al. (2010) later improved the system by
shortening the duration of watering events. This resulted in water contents within
0.02 m3/m3 of the setpoint and the ability to determine transpiration on a daily
basis.
While dielectric soil moisture sensors provide a measure of substrate
water content around the sensor, they do not measure water content of the entire
container, they have errors associated with imperfect contact between substrate
and sensor, and the lag in the time for the irrigation water to reach the sensor
following a watering event precludes short term measurements of transpiration
rate.
Earl (2003) used an automated balance system to maintain root-zone
water content. His gravimetric approach controlled the mass of 2.5-L containers
to within 30 g. The severity of drought stress was estimated as the ratio of the
daily transpiration rate at reduced water content to the initial transpiration rate of
the same plant. Detailed measurements of water distribution in the root zone
after a watering event indicated that distribution of moisture in the root zone was
remarkably uniform even with frequent replacement of small amounts of
transpired water.
Our objective was to develop sensitive mini-lysimeter systems capable of
measuring transpiration rate over 30-minute intervals, and to use them to
maintain steady-state drought stress. Here we review design options for growth
chamber and greenhouse systems, discuss selection of growth media, and
describe methods to quantify the magnitude of drought stress. We also present
several types of example data to demonstrate the unique capability of the
system.
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MATERIALS AND METHODS
Overview of the mini-lysimeter systems
We describe two mini-lysimeter systems: a smaller system in a growth
chamber and a larger system in a greenhouse (Table 1). The growth chamber
provides constant environmental conditions and reproducible plant responses
over short time intervals, but the greenhouse accommodates more and larger
lysimeters.
Table 1. Comparison of the growth chamber and greenhouse minilysimeter systems.
Parameter
Growth Chamber
Greenhouse
Number of lysimeters
5
16
Lysimeter capacity
4 kg
35 kg
Growth medium
peat/vermiculite
sandy loam soil
Container volume
4L
20 L
Watering event frequency
once per hour
once per day
15 seconds of every
Water application duration
15 to 60 seconds
minute until complete
Transpiration rate
10 minutes
30 minutes
calculation interval
Transpiration rate
30 minutes
120 minutes
smoothing interval
Environment
more constant
more variable
Both systems use load cells connected to a monitoring and control system
(Campbell Scientific, Inc., Logan, UT) (Figures 1, 2 and 3). Load cell output is
measured every 5 seconds and sampled every 10 minutes. The measured mass
for each load cell is compared to a setpoint mass. When an individual load cell
reading drops below the setpoint mass, the control system adds water for a
programmed time interval. Water is added via a single drip emitter resting on the
surface of the growth media in each container. The frequency of watering events
is controlled based on the water removal rate in transpiration, the size of the pot,
and the growth substrate.
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Figure 1. Diagram of the growth-chamber mini-lysimeter system showing
five load cells (housed in digital balances), monitoring and control
equipment, wiring connections and watering solenoids.

Figure 2. Photograph of cotton plants on digital balances. Each container
has been enclosed in a plastic bag and a second container. Drip irrigation
lines apply water at the surface of the growth medium. The manifold of
solenoids and watering lines is visible along the rear wall of the growth
chamber. The growth chamber platform has been covered with window
screen to reduce turbulence.
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Figure 3. Photograph of the greenhouse mini-lysimeter system at Utah
State University. Containers are covered with aluminum foil to minimize
evaporation for the soil surface. The container volume is 20 liters. Plants
were later thinned to 3 plants per container.
Transpiration rates are calculated every 10 minutes in the growth chamber
or every 30 minutes in the greenhouse. The change in the mass of each
container during the 10- to 30-minute interval is divided by the number of minutes
to yield transpiration rate in grams per minute. Calculating transpiration rates at
shorter intervals significantly increased the variability in the data. Growth
chamber transpiration data were smoothed by calculating a 30-minute running
average of the 10-minute data. Greenhouse transpiration data were smoothed
by calculating a 120-minute running average.
Additional system details are available at
www.usu.edu/cpl/research_environmentalcontrol.htm#TrackTrans.
The growth chamber mini-lysimeter system
For the growth chamber mini-lysimeter system, five load cells housed in
balances (4-kg capacity, Acculab, model ALC, Englewood, NY) were interfaced
with the monitoring and control system (Figures 1 & 2). Plants were grown in 4-L
plastic pots filled with a 50/50% (v/v) mixture of peat/vermiculite. Each pot was
amended with 4 g of slow-release fertilizer (Nutricote® 18-6-8, 100 day release,
Chisso-Asahi Fertilizer Company, Ltd., Tokyo, Japan). At the start of each
experiment, pots were thoroughly watered with tap water and allowed to drain
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until dripping stopped. Evaporation was minimized by enclosing each pot in a
plastic bag that was gently sealed with a twist tie at the base of the plant stem.
The bagged container was placed inside a second 4-L pot to protect the bag.
The weight of each soaked, bagged and double-potted plant was recorded for
use in determining initial weight setpoints for drought stress.
Watering durations ranged from 15 to 60 seconds, resulting in an addition
of 50 to 200 mL of water. Transpiration rates ranged from about 0.2 g/min for
small corn plants to 2 g/min for large cotton plants.
Airflow within a growth chamber can be non-uniform and turbulent, which
changes the apparent mass of the plant over short time intervals. Covering the
growth chamber platform with a layer of aluminum window screen significantly
reduced the turbulence from the upward airflow in our growth chamber and
reduced short term variation in mass measurements.
The greenhouse mini-lysimeter system
Sixteen load cells (Transducer Techniques, Temecula, CA, model ESP35, 35-kg capacity) were interfaced with the same monitoring and control system
shown in Figure 1. Plants were grown in 20-L containers filled with a sandy loam
soil (Figure 3). The soil in each container was amended with 20 g of slowrelease fertilizer (Nutricote® 18-6-8, 100 day release, Chisso-Asahi Fertilizer
Company, Ltd., Tokyo, Japan). At the start of each experiment, a volume of
water equivalent to 20% of the soil volume was slowly dripped onto the soil
surface to avoid ponding of water on the surface. This minimized soil crusting
and helped maintained low bulk density in the container throughout the study.
Slow watering was accomplished by applying water for only 15 seconds out of
each minute during the watering period using a 0.5 gallon-per-hour drip emitter.
Seeds were sown directly into the moist soil. Evaporation was minimized by
covering the soil surface with aluminum foil.
The maximum daytime transpiration rate for 100-cm tall corn ranged from
0.5 g/min per container for water-stressed plants to 3.0 g/min per container for
well-watered plants. This resulted in additions of 400 to 1800 g of water over the
duration of the 30-day study. Water was added during the night period when
transpiration was low and constant. Watering occurred for 15 seconds out of
each minute until the target mass was reached, with overall watering durations of
up to three hours.
Selection of appropriate sensors
The fundamental component of a mini-lysimeter system is the sensor for
determining container mass. Both off-the-shelf electronic balances and load cells
configured as electronic balances can be interfaced with a datalogger for
continuous recording of mass. Changes in mass are subsequently used to
calculate transpiration rates and to control watering.
Range, resolution, & accuracy
Balances and load cells come in a wide variety of ranges and resolutions.
The choice of balance or load cell capacity depends on the maximum mass of
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the soil/plant system to be studied, and selection of a resolution capable of
measuring transpiration rate with an acceptable amount of error. The resolution
of balances with ranges appropriate for smaller containerized plants (1 to 10 kg)
is typically 0.1 grams. For a plant that transpires 5 g over a 10-minute interval
(0.5 g per minute), the balance resolution associated with the transpiration
measurement is 0.1 g/5 g or +/- 2% over a ten minute interval. The error
decreases as the transpiration rate increases and as the measurement interval
gets longer.
There are many commercial options for load cells, which are the core
measurement component in electronic balances. The voltage output from a load
cell is directly proportional to the excitation voltage used in its measurement.
Load cells are an economical alternative to balances if the user has a data
acquisition system that can supply an accurate excitation voltage and can
accurately measure the resulting microvolt change in the full-bridge signal.
The datalogger excitation voltage should be selected so that the load cell
output matches the full measurement range of the datalogger. For a load cell
with an output of 2 mV/V, an excitation of 1.25 V would optimize use of the 2.5
mV measurement range (2 mV/V * 1.25 V = 2.5 mV) at the load cell’s rated
capacity. Likewise, for a load cell with an output of 1 mV/V an excitation of 2.5 V
would be appropriate (1 * 2.5 = 2.5).
The resolution of load cells is dependent on the A/D conversion capability
of the datalogger and the maximum capacity of the load cell. The resolution for a
6 kg and a 35 kg load cell connected to a datalogger with 13-bit A/D conversion
is 0.7 g and 4.27 g (6000 or 35000 g / 2^13), respectively. In the case of the 6-kg
load cell, this resolution is seven times less sensitive than most 6-kg electronic
balances (0.1 g), but the disadvantage of this lower resolution can be minimized
by sampling frequently and calculating a running average of the data. We
sampled our 35-kg load cells every 5 seconds, with a 5-minute running average.
Temperature effects
Changes in temperature alter the output of both balances and load cells.
This effect can be minimized by the manufacturer with temperature
compensating circuits, but this adds to the cost of the sensor. The presence or
absence of the temperature compensation feature in electronic balances is
generally not specified in sales literature or even in user manuals, but it is critical
to the effective use of balances as mini-lysimeters. Our tests with five replicate,
non-temperature-compensated balances (Acculab, Englewood, NY; model
Vicon®, 3 kg capacity) indicate a temperature effect of up to 3 g (0.1%) per oC
change in internal balance temperature (r2 = 0.99, data not shown). This large
temperature effect makes these balances difficult to use in any environment that
does not have a stable temperature. Users need to contact manufacturers
directly to find out which balances are temperature-compensated.
Load cells are typically temperature-compensated by the manufacturer.
The maximum specified temperature effect on an ESP load cell is 0.0022% of
load per degree Fahrenheit (0.004% of load per oC), which converts to 0.18 and
1.05 g/oC for a 6 kg and a 35 kg load cell loaded to 75% of capacity, respectively.
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Load cells that meet this specification would be adequate for nearly all minilysimeter applications. However, repeated testing with ESP load cells showed
that more than half of them failed to meet this specification. Load cells with tenfold lower temperature sensitivity are available, but cost $700 to 1000, which is
similar to the cost of temperature-compensated balances, such as the Acculab
ALC.
An alternative to built-in temperature compensation is to measure the
effect of temperature on load cell output using a constant mass, and correct for
the effect in software. The temperature effect should be both linear and
repeatable. The effect of temperature on balance output is best characterized
using a load on the balance similar to the mass of the plant container. Our tests
with Vicon® balances indicate that temperature effects can be significantly larger
when there is less mass on the balance. We evaluated the variability in output
with load cell body temperature using a fine wire thermistor glued to the body of
the load cell. Containers filled with soil weighing 30-kg and covered with tightfitting lids were placed on each of the 16 load cells in the greenhouse and load
cell output was recorded in a gradually changing range of temperature (15 to 35
oC) over four days. Testing of this nature should be done under the broadest
possible temperature range.
Load cell calibration
Each load cell was attached to aluminum plates for use as an electronic
balance (Figure 4). Conversion of the mV output to mass in grams was
accomplished by placing two objects of known mass on the load cell, one at a
time. The resulting mV output for each of the two mass values was plotted with
mass on the y-axis and mV on the x-axis. The slope and y-intercept of the linear
regression line provide the multiplier and offset, respectively, to convert mV
output to mass.

Figure 4. Side view diagram showing the attachment of rigid platforms to a
beam sensor load cell to facilitate mass measurements. Spacers allow for
deflection of the load cell. An overload prevention screw in the bottom
platform prevents damage due to over-deflection of the load cell body.
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Selection of growth media
Soilless media provide a low-density, well-aerated root-zone environment.
Field soil can effectively be used in containers in this system because
overwatering can be prevented. Soils are often improperly packed into
containers. To achieve a bulk density of less than 1.25 g per cm3 , it is necessary
to moisten the soil prior to filling the container. We have accomplished this by
gradually adding water to bulk soil while mixing. The appropriate moisture
content causes the soil particles to aggregate, but is not so wet as to cause
clumping. Soil that has any free water (glistening or puddling) is much too wet.
Thoroughly mixed and uniformly moist soil is added to each container by
scooping and dumping. It would seem that gradual pouring of the soil would help
to reduce bulk density, but pouring causes coarse particles to roll to the outer
edge, resulting in higher bulk density in the center of the container (Lebron and
Robinson, 2003). The automated system should add water slowly to eliminate
ponding on the soil surface, which deflocculates the soil and creates a gasresistant surface crust.
Coarse textured media such as sand or calcined clay (Turface) are a poor
choice of media for water-stress studies because they have a rapid transition
between high and low water potential over a narrow range of water content (i.e.
water potential changes rapidly with small change in water content) and it is thus
difficult to maintain steady-state drought stress. Peat based media have a rate of
water release that is intermediate between soil and coarse textured media, but is
usually sufficiently gradual to be used for drought stress studies.
The use of fine Ottawa sand is recommended when an inert medium is
necessary (Henry et al., 2006). Soil, sand, and calcined clay are all high density
substrates, which means that the container size must be reduced by about 50%
to avoid exceeding the full scale range of the weighing device. Additional details
are provided at http://www.usu.edu/cpl/research_column.htm.
Imposition of drought stress
The system can be programmed to maintain a constant container mass or
a constant reduction in transpiration rate. The latter approach provides a more
exact method of quantifying the magnitude of drought stress experienced by the
plant. In this approach, the setpoint mass must be adjusted to achieve the
desired reduction in transpiration rate relative to a well-watered control plant.
This approach adjusts for plant-to-plant differences in root-zone water deficit
response, but requires the user to observe changes in transpiration rate
throughout the study and change the mass setpoints accordingly. In our studies,
the desired reduction in stomatal conductance of water-stressed plants was from
20 to 60% of the conductance of a well-watered plant. In a typical study with five
plants, one plant was well-watered as a control and the other four plants were
water-stressed.
We achieved drought stress by withholding water until the desired
reduction in transpiration rate was reached. The mass at the desired stress level
was then programmed as the setpoint mass. A more gradual dry-down can be
achieved by incrementally lowering the mass setpoint over a period of several
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days, which can be accomplished automatically with additional instructions in the
datalogger program.
Determining whole-plant physiological water use efficiency
The ratio of dry mass increase (g) to water loss in transpiration (kg) is
called water use efficiency (WUE). This ratio is well studied by single-leaf
physiologists and can be calculated based on the fundamental principles of
diffusion of CO2 and water vapor through stomates (Campbell and Norman,
1998). This ratio is typically 2 g per kg (0.2%) at a vapor pressure deficit (VPD) of
4 kPa (20% RH and 25 oC) and can be up to 8 g per kg (0.8%) with C4 plants at
a VPD of 1 kPa (80% RH and 25 oC). WUE is also well studied in production
agriculture but the definition changes to dry mass divided by the sum of
evaporation and transpiration. Since evaporation can be up to 50% of the total
water lost over the life cycle, WUE in the field can decrease to 1 to 4 g per kg
(Ham et al., 1990).
The mini-lysimeter systems described here separate evaporation from
transpiration and can thus accurately measure physiological water use efficiency
over the life cycle. Cumulative dry mass at the end of the life cycle is divided by
the cumulative water used in transpiration. This measurement is unique because
it integrates all of the leaves over the life cycle in a system where evaporation is
minimized.
Calculation of this ratio can also be used to correct for the increase that
occurs in the lysimeter mass as the plants grow. Since plants are typically 10%
dry mass, this means that 2 to 8% of the change in mass is associated with water
in the plant tissue and 92 to 98% is associated with evapotranspiration.
Since the average daytime relative humidity can be estimated in advance,
the WUE can be estimated before the start of the study and a correction factor
can be programmed into the control program. Our measurements of WUE
confirm biophysical calculations and measurements of single leaf WUE. The
correction factor is typically 2% of the transpiration rate at an average daytime
RH of 20%, and 8% at an average daytime RH of 80%. Correcting for plant
growth becomes increasingly important in longer term studies since the effect of
plant mass is cumulative (Kim and van Iersel, 2010).
Calculating whole-plant stomatal conductance
Stomatal conductance is a more sensitive measure of stomatal regulation
than transpiration because it corrects for the effects of changes in temperature
and relative humidity during the measurement period. The stomatal conductance
of single leaves is often measured with clamp-on porometers (Pearcy et al.,
1991), and canopy stomatal conductance can be determined for plant
communities using infra-red thermometers to determine the average foliage
temperature coupled with concurrent weather data (Blonquist et al., 2009). In our
system, transpiration rate can be coupled with measurements of air temperature
and relative humidity to calculate average whole-plant stomatal conductance
using Equation 1,
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gs = T/ VPD

Equation 1

Where gs is stomatal conductance in mmol H2O plant-1 s-1, T is the transpiration
rate in mmol H2O plant-1 s-1, and VPD is the vapor pressure deficit
(dimensionless, kPa/kPa or mol/mol). Vapor pressure deficit, the driving gradient
for water vapor diffusion out of the stomates, ideally would be determined as the
difference in vapor pressure in the leaves and that of the surrounding air. The
vapor pressure inside leaves is calculated from the leaf temperature, because
the relative humidity inside stomates is close to 100% and the vapor pressure in
the leaves thus equals the saturation vapor pressure at the leaf temperature.
Steps for determining stomatal conductance, and an example calculation are
provided in the Appendix.
Infrared thermometers or fine-wire thermistors can be used for direct
measurement of the leaf temperature of individual leaves; however these
measurements do not take into account the variability in leaf temperature among
leaf layers and therefore do not provide a representative canopy temperature for
the whole plant. For the stomatal conductance data presented here, the leaf
temperature was assumed to be the same as the growth chamber or greenhouse
air temperature. As a rule-of-thumb, the leaves of stressed plants are generally
above air temperature while leaves of well-watered, unstressed plants are below
air temperature.
RESULTS AND DISCUSSION
Linearity of load cells
The manufacturer indicates that ESP load cells can be loaded to up to
150% of capacity. When weights of known mass up to 50 kg were placed on a
35-kg ESP load cell, load cell output (in mV) increased linearly with increasing
mass (r2 = 0.9999).
In our application, attaching plates to the load cells made it necessary to
do a custom calibration on each load cell. Our calibrations of sixteen 35-kg ESP
load cells differed from the mV/V output specified by the manufacturer by 0.7 ±
0.6 %.
Effect of temperature on load cell output
Only five of the sixteen ESP-35 load cells met the manufacturer’s
specification for sensitivity to temperature. The stability of load cell output was
evaluated over four days with a constant mass of 30 kg in the greenhouse with
temperatures ranging from 21 to 31 oC. Load cell body temperature was
recorded with fine wire thermistors glued to the rear side of the load cell body.
The average load cell reading over four days was calculated, and data were
evaluated by plotting the difference from the average reading against the load
cell body temperature. The slope of the linear regression line through the mass
versus temperature data for each load cell (g/oC) is a direct indicator of
temperature-sensitivity. The greater the slope, the greater the benefit of
temperature correction. The difference from the average mass over four days,
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with uncorrected data in the top graph and temperature-corrected data below, is
shown for the two most temperature-dependent load cells in Figure 5. The
average slope (g/oC) for the 16 load cells was 2.1 ± 1.2. Slopes ranged from 0.4
to 4.4 g/oC.
30
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Figure 5. Output of two 35-kg load cells loaded with a constant weight of
30 kg over the course of four days in the greenhouse. The top graph
shows data before temperature correction. The middle graph shows
temperature-corrected data. When temperature correction (based upon the
slopes of the g/oC regression lines) is applied to the data, the scatter
(standard deviation of the difference from average) is reduced. Average
load cell body temperature is shown in the bottom graph. Load cell body
temperatures were within 1 oC of one another over the course of the study.
The temperature-dependence analysis was repeated at the end of a study
four months later. The duration of the test (4 days) was the same, but the
temperature span was not. In the first test (Test 1), load cell body temperatures
ranged from 21 to 36. In the second test (Test 2, Table 2) they ranged from 21 to
31. The slopes of the mass versus temperature regression lines were similar
between Test 1 and Test 2 (Figure 6).
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Figure 6. Slopes of mass versus temperature regression lines for 16 load
cells in Test 2 versus the slopes in Test 1. The temperature effect was
similar from one test to another (r2 = 0.97), but was not entirely
reproducible (slope ≠ 1).
Effect of temperature on datalogger measurement accuracy
Temperature correction reduced most but not all of the noise in the
constant mass data. Temperature can affect both the excitation voltage and the
accuracy of the voltage measurement. We tested for the potential effect of
temperature on these variables by connecting a full-bridge terminal input module
(TIM, model 4WFBS1K, Campbell Scientific, Logan, UT) to the data acquisition
system and measuring the mV output over a 12 oC range of datalogger
temperatures during a three day period. The TIM, which has a maximum
temperature coefficient of 0.8 ppm per oC, was a temperature-insensitive analog
for a load cell. During the test, the datalogger was located in the variable
temperature of the greenhouse (worst case scenario) and the TIM was located
inside a constant temperature box. The variability in the TIM signal (the standard
deviation of the difference from average) over the course of three days was only
0.00027 mV, which is equivalent to ±4 g for a 35-kg load cell. The measurement
accuracy was random and not correlated with datalogger temperature.
Interestingly, there is a similar error associated with the measurement of
digital balances. We tested this by calculating an “apparent transpiration rate” for
a constant mass. This was about ±0.4 g for a 4 kg balance. For the growth
chamber lysimeter system, the potential error (calculated as the standard
deviation of a constant mass) in 10-minute transpiration rate was ±0.04 g/min.
This can be 20% of the measured transpiration rate for small plants and 2% for
large plants. For the greenhouse lysimeter system, the potential error in
transpiration rate was ±0.25 g/min. This is 50% of the measured transpiration
rate for small plants (0.5 g/min) plants, and 8% of large plants (3 g/min). This
variability reflects the inherent accuracy of the voltage measurement in the
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datalogger. These values exceed the manufacturer’s specification by an order of
magnitude.
Effect of averaging on load cell transpiration data (greenhouse data)
The variability in the greenhouse environment (fluctuating PPF from
shadows, temperature changes, and fan cycling) causes variability in short-term
transpiration rates (Figure 7). We calculated a 2-hour running average in the
datalogger to reduce this variability and to elucidate differences among lysimeter
treatments. Longer running averages reduce noise but conceal short term
changes that occur, for example, at the start and end of the photoperiod.
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Figure 7. The effect of averaging on the calculated transpiration rate of
corn in the greenhouse. The “5-minute Data” and “30-minute Data” graphs
use a sampled 5-minute running average to calculate transpiration rate.
The “2-hour Average” graph shows a 2-hour running average of the 30minute data. Because the VPD was relatively constant over the day in this
greenhouse, the diurnal change in stomatal conductance was similar to the
change in transpiration rate.
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Separating evaporation from transpiration
Enclosing the container in a plastic bag was an effective method of
minimizing the loss of mass from the container surface through evaporation.
With a temperature of 25 oC and a relative humidity of 30%, an uncovered, wellwatered container lost about 0.3 g per container per minute during the day and
about 0.15 grams per minute at night. Enclosing the container in a plastic bag
and gently sealing it with a twist tie to a stick with a similar diameter to a plant
stem reduced the evaporation from the container to 0.01 grams per container per
minute. Depending on plant size, this evaporation rate accounts for 0.5 to 5% of
the water loss during the day and for up to 50% during the dark period. In a
similar test in the greenhouse, an uncovered, well-watered container of soil lost
about 0.4 g per container per minute during the day and about 0.09 grams per
minute at night. Loosely covering the container with aluminum foil with three
sticks with similar diameter to a plant stem protruding through reduced daytime
evaporation to 0.1 grams per container per minute.
Sealing the container and quantifying the resulting evaporation is an
important part of calibrating a mini-lysimeter system for physiological studies.
Root distribution and soil water distribution
In our mini-lysimeter studies, the severity of drought stress is assumed to
be directly related to container mass, but soil water is rarely distributed evenly
throughout the root-zone. Uniform root distribution is an indicator of uniform soil
moisture content. We have regularly evaluated root distribution at harvest. Our
visual observations indicate that roots have been uniformly distributed throughout
the soilless media in growth chamber studies (Figure 8). Corn and soybean
roots were also uniformly distributed throughout the soil in the greenhouse
containers.

Figure 8. Outer-pot (left) and inner-pot (right) soybean root distribution. The
container was removed and the root system was sliced vertically to show
that roots explored the entire container volume.
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At the end of a greenhouse study with soybean plants, water distribution
throughout the 5-gallon container was determined by sampling soil at three
depths (top, middle and bottom) and two radial positions (center and edge) in
each of the sixteen containers. During the study a single dripper was positioned
in the center of each container and three soybean plants were grown in a circle
arrangement around the center. Soil samples were weighed moist, dried for 48
hours at 80 oC, then weighed again for determination of gravimetric water
content. Samples were collected from eight containers immediately after
watering in the morning. The remaining eight containers were sampled in the
afternoon. The difference in soil water content in each of the six positions
between morning and afternoon was calculated in order to determine the relative
extent of water removal by plant roots. In this particular soybean study, four rootzone water content levels were assigned to four each of the sixteen containers.
Water content setpoints ranged from well-watered to drought-stressed. Water
removal from well-watered containers was relatively uniform throughout the
container. As container water content was reduced, water removal from lower
and outer regions decreased (Table 2). Earl (2003) observed remarkably
uniform soil water content distribution throughout 2.5-L containers in a similar
mini-lysimeter system.
Table 2. Volumetric soil water content throughout 5-gallon soil containers
at the end of a study with soybean plants. Values are the average of two
replicate containers. W = well-watered, SW = somewhat well-watered, SD =
somewhat drought-stressed, D = drought-stressed. Volumetric water
content of the entire container, calculated based on the final container
mass, is given in italics.
morning
top
middle
bottom
Container ΘV
afternoon
top
middle
bottom
Container ΘV
difference
top
middle
bottom
Container ΘV

W
center
20.5
19.6
14.6
W
center
11.4
11.2
8.9
W
-9.1
-8.3
-5.7

edge
15.3
15.5
14.8
19.8
edge
9.7
10.3
8.1
12.9
-5.7
-5.2
-6.7
-6.9

SW
center
edge
20.8
12.1
18.8
13.1
11.6
6.6
14.3
SW
center
edge
10.5
8.1
9.8
7.1
7.7
5.9
10.8
SW
-10.4
-4.1
-9.0
-6.0
-3.9
-0.7
-3.6
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SD
center
edge
20.9
8.6
18.4
11.4
7.5
6.4
12.9
SD
center
edge
11.0
7.4
9.3
6.2
6.2
5.8
10.1
SD
-9.9
-1.3
-9.0
-5.2
-1.3
-0.7
-2.9

D
center
18.6
13.7
6.5
D
center
9.7
7.7
6.3
D
-8.9
-5.9
-0.2

edge
8.1
6.7
5.9
11.0
edge
6.1
6.1
5.3
9.0
-2.1
-0.6
-0.7
-2.0

Drought stress response (growth chamber data)
The transpiration rate of individual plants is determined by plant size, rootzone water status, and environmental conditions. The onset of drought stress in
the growth chamber system typically resulted in a short-term decline in
transpiration rate followed by recovery (Figure 9). The daily average
transpiration rate for the water-stressed plant increased from 51 to 67% of the
control between days 3 and 6. This adaptation to drought stress is likely due to
osmotic adjustment.
Adaptation to drought stress could also be due to an increase in roots in
the immediate vicinity of the drip emitter and rapid uptake of water before it
reaches equilibrium with the substrate. However, we regularly analyze the root
distribution at harvest and we have not observed an increase in root proliferation
under the dripper. Earl (2003) found that water distribution in the root zone after a
watering event was remarkably uniform even with frequent replacement of small
amounts of transpired water. The plants in Figure 9 showed adaptation to the
decreased water in the container on day 3.5 before the small, frequent additions
of additional water.

Transpiration Rate
(g pot-1 min-1)

1.0

Onset of
Drought
Stress

Well-watered
Control

Adaptation &
Recovery

0.5

0.0

Container Mass (kg)

1.2
1.0
0.8
0.6
0.4
0.2
0.0

Watering Events

0

1

2

3

4

5

6

Days

Figure 9. Transpiration rate and container mass for well-watered (blue line)
and drought-stressed (red line) corn plants (6 small plants per pot). An
initial reduction in transpiration rate at the onset of drought stress is
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followed by adaptation and recovery (top graph). Between days 1 and 3 the
average daily transpiration rate of the water-stressed plant increased from
51 to 67% of the control. As the well-watered control plant grew bigger, the
automatic watering system lagged behind in keeping the container mass
stable between days 4 and 5 (bottom graph). The duration of each watering
event was increased on day 5 to keep up with the higher transpiration rate.
Stomatal conductance (growth chamber data)
In the relatively constant conditions of the growth chamber, and under the
assumption that leaf temperature was the same as air temperature, the changing
pattern of stomatal conductance closely matched the transpiration rate during the
day (Figure 10). Transpirational water loss during the night can be significant for
well-watered plants due to incomplete nighttime stomatal closure. In a review of
this nighttime stomatal conductance, (Caird et al., 2007) indicate that nighttime
transpiration rates are typically 5 to 15% of daytime rates, and that when
nighttime VPD isn’t significantly lower than daytime VPD, this number can easily
be as high as 30%. Our studies indicate that drought stressed plants more
completely close at night. The underlying mechanisms of stomatal responses to
environment are not well understood, and long distance (root-to-shoot) signaling
can be mediated by ABA production in the roots or by hydraulic signals (Damour
et al., 2010).
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Figure 10. Diurnal transpiration rate and stomatal conductance (top graph)
for a well-watered soybean plant. Air temperature and relative humidity
(bottom graph) were used to calculate VPD (middle graph). Stomatal
conductance was calculated using transpiration rate and VPD according to
Equation 1.
Diurnal rhythms in transpiration (growth chamber data)
Our data typically shows a reduction in transpiration rate in the latter part
of the light period, even under the constant environmental conditions of a growth
chamber (Figure 11). This indicates diurnal stomatal cycling. Diurnal rhythms in
plants are distinguished from circadian rhythms because they happen every day
under a given set of environmental conditions, but are altered when
environmental conditions change. Circadian rhythms are endogenous rhythms in
an organism that approximate 24 hours even under constant light or dark
conditions. Data from Kaldenhoff et al. (2008) suggest that the end of day
reduction in transpiration rate may be the result of diurnal cycling in root hydraulic
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conductivity. The good news is that this system is well suited to the study of
these diurnal cycles; the bad news is that they complicate the interpretation of
treatment effects.
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Figure 11. Typical stomatal conductance over the course of 24 hours for
plants of four different species in a growth chamber. Data were collected
in separate experiments using the mini-lysimeter system. Although
temperature humidity, and light level were constant over the 16-hour
photoperiod, transpiration rates began to decrease before the end of the
light period. The data indicate that corn closed its stomates more
completely at night than the other three species.
Normalizing to adjust for differences in initial plant size
Differences in transpiration rate between well-watered and water-stressed
treatments can be made more apparent by normalizing the data. Transpiration
data are normalized at a single point in time (typically before any treatments are
applied) by dividing the peak transpiration rate of one of the plants by each
individual plant’s peak transpiration rate. This generates a multiplier for each
plant by which the transpiration rate data for that plant is multiplied. This
procedure normalizes data across multiple plants to account for differences in
transpiration rate due to plant size (Figure 12). Another approach is to divide the
transpiration rate of a particular plant after a given treatment is applied by its
average transpiration rate on the day before the treatment is applied. This
approach normalizes each plant to itself.

21 of 30

Normalized Transpiration Rate
-1
-1
(g plant min )

2.0

Data
normalized

Weight setpoints
lowered for
drought stress

1.5

1.0

0.5

0.0

0

2

4

6

Days in Growth Chamber

8

10

More complete nighttime stomatal
closure in drought-stressed plants

Figure 12. Soybean transpiration rate data before normalization (top graph)
and after normalization (bottom graph). Weight setpoints were lowered for
drought stress on day 7 and effects on transpiration began to occur a day
later. The plants represented by the blue and green lines were well-watered
while the other three plants were water-stressed. The data indicate that the
water-stressed plants closed their stomates more completely at night.
Stomatal cycling
Because of their rapid response time, mini-lysimeter systems are ideal for
characterizing stomatal cycling. This is best accomplished in a growth chamber
where light and temperature can be held constant, but can also be accomplished
in a greenhouse if corrections for changes in transpiration rate due to
environmental variability can be made (Wallach et al., 2010). Figure 13
illustrates data collected during a study of drought stress effects on young (early
stages of flowering) cotton plants. Transpiration rates were calculated on 10minute intervals. The oscillatory period length during the last four hours of the
photoperiod was approximately 30 minutes. This pattern repeated itself in the
following two days, after which the study was terminated. A 30-minute oscillation
period in cotton plants was also observed by Ehrler et al. (1965). The data in
Figure 13 are similar to those of Wallach et al. (2010) who found that as drought
stress became more severe, transpiration of tomato plants decreased and the
relative amplitude of stomatal oscillations increased. The data in Figure 13 are
also a good example of more complete nighttime stomatal closure in drought
stressed plants.
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Figure 13. Cycling of cotton stomates in response to drought stress.
Drought stress response (greenhouse data)
Over the course of a 30-day study with corn, mass set points that were
initially set to a VWC of 20% were changed to induce drought stress. Final VWC
ranged from 12% to 23%. These changes in VWC resulted in average
transpiration rates that were 30 to 70% of the well watered control (n = 4; Table
3, Figure 14). At the end of the study, volumetric water content of the four
containers in the ±0.0 kg treatment had dropped to 18% due to the weight of the
corn plants contributing to the total mass. If a constant volumetric water content
is desired, rather than a target reduction in transpiration rate, estimates of plant
fresh mass should be made from measurements of transpiration rate as
described previously and used to alter weight set points accordingly.
Table 3. The effect on volumetric water content and transpiration rate of
treatments applied by changing mass setpoints.
Average Final
Volumetric Water
Content
12.1% ± 0.1%
14.3% ± 0.3%
17.9% ± 0.2%
22.9% ± 0.9%

Average Day 26
Transpiration Rate
(g container-1 min-1)

0.53
0.79
1.26
1.79

% of well-watered
Transpiration Rate
30
44
70
100
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Average Physiological
Water Use Efficiency
(g dry mass per kg water)
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Figure 14. Greenhouse lysimeter system measurements over 30 days.
Each line represents the average of four lysimeters.
Physiological water use efficiency
At the end of the greenhouse study, corn plants were harvested and fresh
and dry mass for each container were determined. WUE tended to decrease
with increasing drought stress (Table 3). The average WUE for the corn plants
was 5.2 ± 0.9 g dry matter per kg water transpired. The average daytime RH
was 35% so this physiological WUE was typical for the environmental conditions.
Determination of plant-available water
The mini-lysimeter system was used to determine the percent (by volume)
of plant-available water (% PAW) in two different potting mixes. Pots were filled
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with either a 50/50 (v/v) peat/perlite or a 50/50 peat/vermiculite mixture (bulk
density = 0.16 g/cm3) thinned to 10 wheat (cv. Apogee) seeds per pot. The
plants were 20 days old and the roots were distributed throughout the container.
Two pots of each mixture were soaked with a dilute nutrient solution and allowed
to drain for 30 minutes prior to the start of the dry down period. Each pot was
placed on a load cell in the growth chamber at 25°C, at 25% RH and continuous
light. Transpiration rates were calculated from pot mass on 10-minute intervals.
As the available water decreased, transpiration rates decreased. When
transpiration rates fell to below 50% of their maximum in all four pots, the pots
were re-watered to their original mass and allowed to dry down again. The
process was repeated to achieve three replicate dry-down cycles. The volume of
water removed from the pots via evapotranspiration was determined for each pot
when the transpiration rate was reduced to 80% and 50% of the maximum
transpiration rate (Figure 15). We have commonly observed that the maximum
transpiration rate does not occur right after the pots are soaked, likely due to
limited aeration. The % PAW was calculated by dividing the volume of water
removed from the pot by the total volume of the pot (4.0 L). Measurements were
repeated using one tomato plant (cv. Early Girl) per pot.
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Transpiration Rate (g/min)

0.50

0.42

80% of Max

0.33

50% of Max

0.25

0.17
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PP

PV PV PV
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2000

Water Transpired (g)

Figure 15. Sample of the data used to determine plant-available water
(PAW). PP = peat/perlite, PV = peat/vermiculite. Data shown were collected
using wheat plants.
The volume of plant-available water in a 50/50 v/v peat/vermiculite (PV)
mixture was 20% greater than in a 50/50 v/v peat/perlite (PP) mixture (Table 3).
Transpiration rates decreased to 80% of their maximum daily value after plants
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removed a volume of water equal to 31% (PP) or 50% (PV) of the media volume.
Transpiration rates dropped to 50% of their maximum value when plants
removed a volume of water equal to 35% (PP) or 54% (PV) of the media volume.
This difference is due to the water holding capacity of the media at container
capacity (Table 4, Figure 15). At the same bulk density, our measurements
indicate that a PP mixture holds 50% of its volume as water, and a PV mixture
holds 68% of its volume as water (Tramp, Chard, and Bugbee, 2010). Studies
such as these are useful in determining the appropriate mass setpoint (reduction
in water content) to achieve the desired amount of drought stress.
Table 4. Comparison of percent plant available water (PAW) for two soilless
media mixes. Values for the two media mixes are shown as the mean of two
replicate pots with tomato and two with wheat (four pots total), ±1 standard
deviation.

Media Mixture
50/50 v/v
Peat/Perlite
50/50 v/v
Peat/Vermiculite

Volumetric
Water Content
(VWC) of
Soaked Media
Mix (%)

80% of Maximum
Transpiration Rate
Remaining
PAW
VWC
Used
(%)
(%)

50% of Maximum
Transpiration Rate
Remaining
PAW
VWC
Used
(%)
(%)

50 ± 2

21 ± 1

31 ± 3

16 ± 1

35 ± 1

68 ± 2

26 ± 2

50 ± 4

17 ± 2

54 ± 2

SUMMARY
Mini-lysimeter systems
Mini-lysimeter systems have been established both in a controlledenvironment growth chamber and in a greenhouse. The growth chamber
provides more constant environmental conditions and reproducible plant
responses over short time intervals. The greenhouse accommodates a larger
number of balances and larger plants, but environmental conditions are more
variable. Both systems have successfully been used to measure short-term
transpiration rates (10 to 30 minutes) and to control root-zone water content for
imposition of drought stress.
Control of drought stress
Drought stress was indicated by a reduction in transpiration rate. The
systems were used to maintain 20 to 70% reductions in transpiration compared
to well-watered transpiration rates. In the growth chamber, transpiration and
whole-plant stomatal conductance data showed a unique diurnal pattern that
occurred even in a constant environment.
Mini-lysimeters can be used to control drought stress based on either
transpiration rate or root-zone water content. Basing control on the transpiration
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rate requires either a measurement of transpiration rate prior to the stress or an
unstressed control plant. Basing control on root-zone water content requires
knowledge of the bulk density of the root zone as well as some estimate of the
contribution of plant mass to the total mass.
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Appendix: Stomatal conductance calculation
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